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ABSTRACT

Doped organic semiconductors are required for applications such as organic solar cells, organic light-emitting
diodes and thermoelectric generators. To further establish structure-property relationships and improve the
efficiency of these devices, electron acceptor conjugated polymers and suitable doping schemes are required. A
key criterion is a sufficiently low lowest unoccupied molecular orbital (LUMO), which enables air-stability of
excess electrons. In this work, a series of naphthalene diimide (NDI) copolymers with varying highest occupied
molecular orbital (HOMO) and LUMO energy levels are made and used to investigate photochemically and
thermally induced electron transfer from a small molecule NDI carrying dimethylaminopropyl (DMAP) side
chains. Density functional theory calculations, UV-vis and electron spin resonance (ESR) spectroscopies indicate
that the LUMO energy level of the NDI copolymer governs thermal electron transfer from the HOMO of the
DMAP side chain and dictates air stability of the corresponding radical anions. Conversely, photoinduced electron
transfer from DMAP to the NDI copolymer is governed by the position of the HOMO energy levels. While
dicyano-substituted NDI copolymers with very low LUMO levels display the highest radical anion yield and
excellent air stability, their conductivity is limited by electron mobility, which in turn is strongly influenced by
backbone torsion and localized radical anions. These results establish fundamental structure-function
relationships and shine light on the use of simple and cost-economic, covalently bound tertiary amines as potential

n-dopants for electron acceptor copolymers.



1. Introduction

Electronic structure, doping processes, electronic conductivity and air stability of electron acceptor conjugated
materials and polymers in particular, are crucial for the further development of efficient electronic devices such
as organic photovoltaics, light emitting diodes, or thermoelectric generators.™® These properties heavily depend,
among other parameters, on their frontier orbital energy levels.*” To increase charge carrier densities and thus
electrical conductivity of electron acceptor polymers, n-doping is necessary.®® Unlike inorganic semiconductors,
doping of organic semiconductors refers to a redox process, in which electron acceptor and donor materials are
chemically reduced and oxidized, respectively, on a sub-stochiometric level.™® To obtain a reasonable n-doping
efficacy, the material's electron affinity must be more negative than the ionization potential of the dopant used.""*?
It is generally assumed that air-stability of the resulting radical anions requires a lowest unoccupied molecular
orbital (LUMO) more negative than -4.0 eV."*** A class of air stable materials with excellent electron transport
properties is built from substituted benzodifurandione- phenylenevinylene derivatives.*'® Also naphthalene

diimide (NDI)-based materials are popular candidates for n-type semiconductors and were used in several forms,
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ranging from small molecules,"”~*° supramolecular assemblies,?"** side-chain polymers® to conjugated main chain
copolymers.?** PNDIT2, also referred to as N2200, is a conjugated donor-acceptor copolymer composed of
alternating units of NDI and bithiophene (T2), which has been n-doped with dihydro-1H-benzimidazole-2-yl (N-

2728 anions® as well as metallocenes.**® The doping efficacy of PNDIT2 with

DBI) derivatives,”® amines,
benzimidazoles, however, is limited by their miscibility.** This is an often seen limitation especially for
semicrystalline copolymers, as for the doping of organic semiconductors a significant amount of dopant is needed
(typically 5-30 wt%).** Attempts have been made to increase miscibility of PNDIT2 with benzimidazoles by
either restricting the degree of crystallinity and/or optimizing the structure of the dopant or using polar side
chains.”*** Alternatively, the issue of the dopant phase separation can be addressed by an intrinsic doping or
self-doping strategy.*** In this case, the chemical functionality responsible for doping, which may be a tertiary
amine or quaternary ammonium group, is covalently linked to the conjugated polymer backbone.**** While the

40,42-44

mechanism involves doping via electron transfer from the amine to the electron acceptor, in case of

quaternary ammonium-containing side chains details of this mechanism may differ.'238-404344 Next to these



mechanistic studies, such doping processes are often correlated with device characteristics such as electrical
conductivity for a given system,* but structure-function relationships are more often reported for transistor

applications.*

Previously, we have used binary blends of small molecule NDI derivatives as a model system to study electron
transfer from dimethylaminopropyl (DMAP) side chains attached to NDI to a second NDI derivative of varying
energy level. By introducing aromatic core substituents of different electron withdrawing or donating strength,
we investigated radical anion yield as well as air stability, and also found that DMAP-NDI forms molecularly

mixed morphologies with NDI derivatives.”

In this work, a series of naphthalene diimide (NDI) copolymers with varying highest occupied molecular orbital
(HOMO) and LUMO are employed to investigate photochemically and thermally induced electron transfer from
a small molecule NDI carrying DMAP side chains. By using optical, thermal, electronic and magnetic
measurements, as well as computational chemistry, correlations between energy levels, doping efficacy, air

stability of radical anions, morphology, backbone torsion and electrical conductivity are investigated.

2. Results and Discussion

In this study, five different NDI copolymers were obtained from the combination of either unsubstituted NDI or
dicyanated NDI (NDICNz2) as acceptor monomer, and phenylene (P), bithophene (T2) or 2,2 -bithiazole (BTz) as
donor comonomer. The synthesis of the resulting copolymers PNDIT2, PNDIP, PNDIBTz, PNDICN:T2, and
PNDICN:P was carried out using either direct arylation polycondensation (DAP), Suzuki polycondensation (SPC)
or Stille polycondensation (SP), as described in the Supporting Information. For doping experiments, DMAP-
NDI was used for all copolymers. Chart 1 shows the chemical structures of all the copolymers, Table 1

summarizes the molecular characterization and their optoelectronic properties.



Chart 1. Structures of the studied NDI copolymers and DMAP-NDI.
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Table 1. Molecular weights, energy levels and optical band gaps of the NDI copolymers in film compared to

DMAP-NDI, all mass and energy values are given in [kg-mol™] and [eV], respectively.
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Mn/ Mw are number / weight average molecular weights from size exclusion chromatography (SEC). Eopt, exp and
Eopt, theo are optical band gaps from UV-Visible spectroscopy / cyclic voltammetry and density functional theory
calculations, respectively. Pvalues of DMAP unit Plvalues of NDI core. Vertical transition energy (E**"so-s1) for

the So-S1 transitions and associated oscillator strength (f) as computed at the TD-»-B97X-D/6-311G* level of
theory (gas phase). Molecular orbital energies (HOMO and LUMO) and dihedral angles are here reported at the
B3LYP/6-311G* level (gas phase).

To vary the LUMO energy level significantly and surpass the anticipated -4.0 eV threshold required for air
stability of radical anions, cyanated NDICN2 was used as building block.***® As comonomers, employed to further
vary the HOMO energy level, T2, P and BTz, all exhibiting different donor strength, were additionally used. All
cyanated NDI copolymers were prepared by Stille polycondensation; attempts to use DAP or SPC were
unsuccessful. For the synthesis of literature-unknown PNDICN:P, the same reaction conditions that produced
high molecular weights of PNDICN=T2 led to oligomers only. Optimizing these conditions by changing ligand,
solvent, temperature and monomer concentration improved both the yield and the molecular weight (see Table
S1 in the Supporting Information). The best conditions were obtained with tri(2-furyl)phosphine as ligand in
tetrahydrofuran at 80 °C, furnishing an average number of molecular weight Mn = 26 kg-mol™. Thus, this polymer,

to the best of our knowledge, has been synthesized for the first time. The copolymers PNDIT2* and PNDIBTz*



were prepared by DAP, following a procedure reported elsewhere. PNDIP with Ma = 22 kg-mol™ was prepared
by modified SPC (see supporting information for details).>® For NMR characterization and molecular weight

determination by size exclusion chromatography see Supporting Information (Table 1, Figures S1-4).

The optoelectronic properties of the NDI copolymers were examined by both cyclic voltammetry (CV) (Figure

1) and UV-Vis spectroscopy of thin films (Figure 2).
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Figure 1. Cyclic voltammograms of NDI copolymer films measured in acetonitrile with NBusPFs as electrolyte

under argon. Scan rate 50 mVs™.

From the CV curves the LUMO energy levels were determined (LUMO = —4.8 eV — E12™"). The optical bandgaps
were determined from the UV-Vis measurements (Figure 2). Subtraction from the electrochemically determined
LUMO gave a first estimation of the corresponding HOMO energy levels. Table 1 summarizes the frontier energy

levels of all compounds.
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Figure 2. UV-Vis spectra of thin films spin coated from chloroform.

The optical band gaps (i.e. SO-S1 vertical transition) were calculated by time-dependent density functional theory
(TD-DFT) on monomers (i.e., single repeat unit) of each compound, instead of the corresponding oligomer
representative of the polymer chain. The computed values are intrinsically overestimated, nevertheless they reflect
the experimental trend, showing the highest gap for the phenyl derivatives (PNDIP and PNDICN:P) and the 2,2"-
bithiazole species (PNDIBTz). Calculations were performed using the range-separated functional »-B97X-D to
better describe charge-transfer excitations, and the triple split valence basis set 6-311G*, on top of the respective
optimized geometries for the monomers (Table 1). Another set of DFT calculations, performed at the B3LYP/6-
311G™* level (gas phase), was carried out to compare the computed HOMO energies to those experimentally
derived. It is well known that B3LYP does not describe charge transfer (CT) excitations correctly underestimating
the value,> however it provides a reasonable description for the molecular orbital levels. In Table 1 we compared
the experimental HOMO energies with the computed one, showing reasonable correlation. All calculations were

performed with Gaussian16 B.01.*

From Table 1, the influence of both the cyano substituents and the donor comonomers on the energy levels of the
NDI copolymers is directly visible. Taking PNDIT2 as a reference, PNDIP and PNDIBTz containing the less
electron rich comonomers P and BTz exhibit lowered LUMO values by about 0.1 eV and 0.4 eV, respectively.
The LUMO energy levels of PNDICN2T2 and PNDICN:P are strongly lowered by 0.7 and 0.5 eV, respectively,

resulting from the introduction of cyano substituents. These values now fall well below the threshold value of ~



—4.0 eV required for air-stable doping.*® Together with the rather high LUMO, a HOMO energy level of -5.2 eV
is determined for PNDIT2, which is just below that of the DMAP side chain. With almost 2.2 eV, the optical band
gap of PNDIBTz is significantly larger and a HOMO energy level of -6.2 eV is obtained. As desired, phenylene
as comonomer is a weaker electron donor and exerts a less strong charge transfer (CT) effect. Thus, the optical
band gap of PNDIP is determined as 2.4 eV, 0.9 eV larger than of PNDIT2, and the HOMO energy level of about
-6.2eVis 1.0 eV lower. Compared to their non-cyanated analogues, PNDICN2T2 and PNDICN:P exhibit reduced
charge transfer absorption bands. The reduction of the electron density at the NDI core introduced by two CN
substituents should lead to increased intramolecular charge transfer for a given comonomer. The fact that the
opposite case is observed indicates significant backbone torsion as a result of the increased steric demand of the
CN groups (Table 1, Figure 3). Due to this increased backbone torsion, electronic interaction between donor and
acceptor building blocks is limited leading to low intensity CT bands.*”*° Due to the already low LUMO energy
levels of the cyanated copolymers, HOMO energy levels of PNDICN2T2 and PNDICN:P are determined to be -

5.9 eV and -6.5 eV, respectively, which are 0.7 and 1.3 eV lower than of PNDIT2.

The varying intensities of the charge transfer absorption bands can be explained by the varying dihedral angles
between the NDI core and the comonomer as a result of sterical hindrance. These effects are also seen from DFT
calculations. Figure 3 shows geometry-optimized repeat units and distribution of electron density in the LUMO

of the five copolymers, were the varying dihedral angle o is seen. The values are also compiled in Table 1.



a) T2-NDI-T2 b) P-NDICN,-P c) P-NDI-P d) P-NDICN,-P e) BTz-NDI-BTz
o =46° o=63° o=58° o =80° o =54°

Figure 3. DFT calculations (B3LYP/6-311G*) on monomer models showing torsional angles (top) and LUMO
(bottom, isosurface value 0.001A%) for the five different structures, namely a) T2-NDI-T2, b) T2-NDICN-T2, )

Ph-NDI-Ph, d) Ph-NDICN2-Ph, e) BTz-NDI-BTz.

Thermally and photoinduced electron transfer (PET) from DMAP-NDI to the NDI copolymers were first
examined by UV-Vis spectroscopy. Blend films containing 10 wt% DMAP-NDI spin coated from chloroform
were irradiated with UV-light (366 nm) or annealed at 200 °C for 5 minutes under argon. The development of
radical anions was followed by the relative change of the optical spectra (Figure 4). The films were then exposed
to air to test the air stability of the radical anions (Figure S5 in the Supporting Information). NDI radical anions

29,60,61

show characteristic bands at 500 nm and 780 nm, marked by grey lines.
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Figure 4. UV-Vis thin film absorption spectra of NDI copolymers containing 10 wt% DMAP-NDI. a) PNDIT2,
b) PNDICN2T2, ¢) PNDIP, d) PNDICN:P, €) PNDIBTz and f) PNDICN:zP in air. Black: as prepared, blue: after
5 min UV-irradiation, red: after 5 min annealing at 200 °C. The insets show y-axes enlarged sections. The grey
lines at 500 and 780 nm indicate characteristic absorption bands of NDI small molecule radical anions. a) contains

two black curves as two different films were used for thermal and photochemical doping.
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The absorption spectrum of PNDIT2/DMAP-NDI did not show pronounced changes after thermal or UV
treatment (Figure 4a). In contrast, PNDICN2T2 showed clear new bands at 500 and 780 nm, which are typical
absorptions of radical anions of NDI small molecules™?®® (Figure 4b). After exposure to air, the absorption
spectrum of the UV-irradiated film remained almost unchanged, suggesting excellent air stability of the radical
anions in both thermally and photochemically activated films (see also Figure S5 in the SI). PNDIP films also
exhibited radical anion signatures (Figure 4c), but these changes of the optical spectra disappeared when exposing
the films to air. Again, additional cyano groups in PNDICN:P caused more intense radical anion bands, which
remained under ambient conditions (Figure 4d). Direct irradiation of PNDICN:P in air gave the same spectrum
as compared to inert conditions (Figure 4f). Thus, this material can be processed and doped under ambient
conditions, which facilitates the handling and simplifies the device preparation. PNDIBTz does neither exhibit a
clear NDI radical anion peak at 780 nm after photoactivation nor after thermal treatment (Figure 4e). Thermal
activation of PNDIBTz led to changes of the CT band structure, which we believe is caused by morphological

changes during annealing.

Thus, all cyanated NDI copolymers show clear signs of radical anion formation, which are air stable at the same
time. However, the sterical hindrance between the NDI core and the donor comonomer causes large torsional
angles, visible by both weak CT bands and radical anion absorption bands, which appear similar compared to
their small molecule analogs. In addition to UV-Vis absorption investigations, and to further quantify the radical
anion formation, continuous wave electron paramagnetic spin resonance (cw-EPR) measurements were
performed. For this purpose, films were prepared by drop casting the blend solutions onto quartz glass substrates.
To enable reasonable comparison of cw-EPR data, the drop casted volume and sample area was maintained
constant. Similar to UV-vis measurements, photochemical and thermal activation processes were performed
under inert conditions. Cw-EPR signal intensities were recorded and compared before and after the activation, as
well as after air exposure. Figure 5 gives a direct comparison of all EPR intensities obtained from the double

integral of the spectra (see Figures S6, S7 for corresponding spectra and Table S2 for tabulated values).
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Figure 5. EPR signal intensities (determined from the cw-EPR double integral) of the NDI copolymers in films

with 10 wt% DMAP-NDI directly after activation under Nz and after air contact.

It becomes apparent that the as-prepared films of cyanated NDI copolymers already give strong EPR signals.
After the activation, a further increase in EPR intensity is found compared to the corresponding copolymers
without cyano groups, both for thermal as well as for the photochemical activation. Thus, thermally activated
films of PNDICN2T2 and PNDICN:P show increased intensities by factors of 90 and 75, respectively, compared
to their corresponding analog without cyano groups. All non-cyanated copolymers produce fewer radical anions
and exhibit drastically lower EPR intensities than those of their cyanated analogs. Interestingly, the non-cyanated
copolymers exhibit higher EPR signal intensities after UV radiation than with thermal activation. The air stability
of the cyanated NDI copolymers already seen by UV-vis spectroscopy is also confirmed by EPR spectroscopy.
After 12 h air exposure of all non-cyanated NDI copolymers, their EPR intensities almost vanished completely,
indicating complete loss of the doping. In contrast, EPR signal intensities of doped PNDICN2T2 and PNDICNzP
films practically do not change while exposed to air. From the determined energy levels and the trends in radical
anion intensities, we propose the two simple schemes shown in Figure 6b for photochemically, and in Figure 6¢

for thermally activated doping, compared to the DFT calculated energy levels (Figure 6a).
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Figure 6. Schematic representation of a) computed and b,c) experimentally determined frontier energy levels
with photochemically (b) and thermally induced electron transfer (c) indicated between DMAP-NDI and NDI
copolymers. The red line widths correspond to qualitative trends of EPR signal intensity. In b), processes 1 and 2

depict direct electron transfer from DMAP and DMAP-NDI radical anion to copolymer, respectively.

In case of PET, the generated excitations and resulting holes in the HOMO of the copolymer are regenerated by
electron transfer from the DMAP side chain, yielding a radical anion on the NDI unit and a radical cation on the
nitrogen of the DMAP side chain (process 1, Figure 6b). One major parameter governing the extent of this PET
is the energy offset between these HOMOs. Here, the comparison between the two cyanated copolymers
PNDICN:zP and PNDICN:T2 is instructive. PNDICN:zP with the lowest HOMO (-6.53 eV) also shows the highest
doping yield, while PNDICN2T2 exhibiting a higher HOMO (-5.92 eV) is less doped under the same conditions.
The other three copolymers have varied HOMO energy levels as well, but do not follow this trend; all show rather
low EPR intensities (cf Figure 5). Another process that is possible is the photo-induced generation of radical
anions in DMAP-NDI first followed by electron transfer from to the copolymer chain (process 2, Figure 6b).
DMAP-NDI forms radical anions upon excitation as described previously.” These radical anions may undergo
electron transfer to nearby copolymer chains. As the excitation wavelength (365 nm) excites both DMAP-NDI as
well as all copolymers, processes 1 and 2 are both possible. Their identification and contribution to the final state

is, however, unclear and requires further theoretical and experimental investigations.
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For thermal activation, the comparison between the two cyanated copolymers PNDICNzP and PNDICN2T2
depicts the effect of the LUMO energy level on radical anion yield (Figure 6¢). PNDICN2P and PNDICN:T2 have
LUMOs of -4.42 and -4.26 eV, respectively. Thus, the energy offset from DMAP to the LUMO of PNDICN2T2
is smaller, hence a larger radical anion yield is found. A lower, but still considerably intense EPR signal intensity
is obtained for PNDICN:P, which has the second lowest LUMO. Again, the remaining three non-cyanated NDI
copolymers with higher LUMOs exhibit very weak EPR signals. This simple energy diagram in Figure 6c explains
the trends of radical anion intensities of the cyanated copolymers compared to the non-cyanated ones. Further
details underlying this energetic uphill process with the herein determined, relatively large DMAP HOMO / NDI

copolymer LUMO gap of 0.63 - 0.79 eV is subject to further investigations.

So far electronic arguments for radical anion formation were put forward. To further elucidate possible
morphological factors influencing the electron transfer, we employed differential scanning calorimetry (DSC)
and X-ray scattering on thin films. Figure 7 shows DSC curves of pristine PNDIT2, PNDIBTz and PNDICN-.T2
as well as their as prepared blends with 10 wt% DMAP-NDI (for complete thermal characterization see Figures
S8-S10). Due to the limited thermal stability of DMAP-NDI, the accessible temperature range for blends was
limited to 250 °C, but high enough to probe potential melting of DMAP-NDI domains segregated within the blend
(Tm DMAP-NDI: 225 °C, see Figure S10). Semicrystalline PNDIT2 and PNDIBTz displayed weak endothermic
signals at temperatures ~225 °C, which may be assigned to melting of DMAP-NDI. PNDIBTz did not show
detectable main chain melting in accordance with the literature.*> PNDIP/ DMAP-NDI blends did not show clear
signatures of main chain melting, but eventually a weak signal of melting of DMAP-NDI domains. PNDICNzT2
exhibited a different behavior. While main chain melting was absent again within the accessible temperature
range, a coupled exothermic/ endothermic process was detected in the first heating trace, but no longer visible
during subsequent cooling and heating cycles. Similar to cyano-substituted NDI small molecules, which also
undergo thermally induced electron transfer with DMAP-NDI,* we hypothesize that the exothermic signal does
not arise from recrystallization but from electron transfer. This process may be coupled to melting of a new mixed

phase. The observation of DMAP-NDI melting in PNDIT2 and PNDIBTz blends, but not PNDICN:T2 blends,

15



suggests enhanced molecular distribution of DMAP-NDI in the latter, and may provide an additional factor

causing the high radical anion yields of the cyanated copolymers.
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Figure 7. DSC measurements of pristine NDI copolymers and solution blends with 10 wt% DMAP-NDI. Heating

and cooling rates 10 K-min™, endo up, under N-.

To further evaluate the aspect of miscibility of DMAP-NDI and the copolymers, grazing incidence wide angle X-

ray scattering (GIWAXS) was performed on both pristine and doped films. Figure 8 compares the 2D scattering
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patterns of pristine and doped films, while Figures S11-S15 in the Sl also present 1D line profiles. Comparison
of the neat samples reveals differences in the degree of microstructural order. PNDIT2 exhibits the highest degree
of order, with the 2D scattering profile of this polymer exhibiting well-defined lamellar stacking, backbone
stacking and n-w stacking peaks consistent with earlier results.®® Indeed, multiple orders of lamellar stacking and
backbone reflections are seen pointing to a high degree or order. All the other polymers exhibit a reduced degree
of microstructural order compared to PNDIT2. PNDICN:T2 in particular appears to be nearly amorphous, with
only a weak lamellar stacking peak at 2.5 nm™ observable (note that the sharp peaks at ~ 15.5 nm™ are from silicon
dust from cleaving of the substrate). The other polymers show clearer lamellar stacking peaks than PNDICN2T2
but do not match the degree of order shown by PNDIT2. Based on the sharpness of the lamellar stacking peak
and number of peaks present, the neat polymer films can be ranked in terms of degree of microstructural order as
PNDIT2 > PNDIP > PNDIBTz > PNDICN.T2. With doping, the crystalline peaks from the polymer remain
essentially unchanged, but with the appearance of new peaks associated with the crystalline phase of the dopant
molecule DMAP-NDL.* In particular, a prominent peak located at ~ 4.5 nm™ along the Q: (out-of-plane) is visible
along with a number of other peaks located off-axis, characteristic of a highly ordered crystalline phase of the
small molecule dopant. Interestingly, there are strong differences in the degree of scattering seen from the
crystalline phase of DMAP-NDI that appears to be correlated with the degree of crystalline order of the polymer.
In particular, for PNDICN2T2 showing very weak crystalline order in the neat film, there is also very weak
scattering from the dopant molecule in the PNDICN:T2 / DMAP-NDI blend. These observations can be
understood in terms of a relatively good miscibility between the dopant and the relatively amorphous
PNDICN.T2. In contrast, for the more crystalline polymers, such as PNDIT2, PNDIP and PNDIBTz, strong
scattering from the dopant can be seen in the doped films, indicating a poor miscibility between dopant and
polymer. These results agree well with those from DSC, where DMAP-NDI melting is found for PNDIT2, PNDIP

and PNDIBTz.
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Figure 8. Two-dimensional GIWAXS scattering patterns of pristine and doped (10 wt% DMAP-NDI) NDI-

copolymer films.

The electrical properties of NDI copolymer/ DMAP-NDI blends were also investigated. The electrical resistances
of thin film NDI copolymers samples doped with 10 and 20 wt% DMAP-NDI were measured and the
corresponding conductivities were calculated and listed in Table S3. Figure 9 gives a graphical representation of

the data for better illustration.
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Figure 9. Electrical conductivities of NDI copolymer films doped with a) 10 wt% and b) 20 wt% DMAP-NDI.

Doped with 10 wt% DMAP-NDI, PNDIT2 and PNDIBTz showed the highest electrical conductivities despite
their significantly lower radical anion concentrations. After UV activation, their resistance decreases by up to two
orders of magnitude, although the resulting conductivity of 3.6-10° S-cm™ still lags behind typical values for
PNDIT2 doped with N-DMBI or tetrakis(dimethylamino)ethylene (TDAE) (reported around 10° S.cm™)."3%
Increasing the DMAP-NDI content to 20 wt% increases conductivities of PNDIT2 and PNDIBTz to 5.8-10° and
1.1-10®° S-.cm™, respectively. Thermal activation gave rise to lower conductivities in both cases, which is in line
with the lower radical anion yields seen with EPR measurements. The opposite is true for the cyanated NDI
copolymers: despite high radical anion yields, the measured electrical conductivity values are low. Since the
measured currents were close to the detection limit of the device, a large uncertainty factor in the conductivity
values has to be expected, and a discussion about the exact values must be omitted. While, after one day of air
exposure, PNDIT2 reported very low values of electrical conductivity (around 10® S cm™) and PNDIBTz reduced
the electrical conductivity value to about 4.6-10° S-cm™, the conductivities of the cyanated polymers remain
stable. This trend is also confirmed by the EPR and UV-Vis measurements, in which PNDICN2T2 and PNDICN:zP

showed practically the same radical anion concentration after one day of air exposure. This further corroborates
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the key role of the LUMO energy level to achieve processability and operation of n-type devices under ambient

conditions.

One factor rationalizing the low conductivities of the NDI copolymers doped with DMAP-NDI compared to N-
benzimidazole-based dopants may be Coulomb attraction between localized radical anions and nitrogen-based
radical cations of the DMAP-NDI side chain, which may limit conductivity.®® The low conductivities of the two
cyanated NDI copolymers, which display both high radical anion yields and air stability, can be further understood
on the basis of increased backbone torsion, yielding localized electron densities and low electron mobilities. With
their large amount of charge carriers n probed by ESR spectroscopy, the corresponding low electrical
conductivities ¢ have to be the results of low electron mobilities p (c = p-e-n). Indeed, as an example, bottom
contact, top-gate field-effect transistors (FETs) of PNDICN.T2, which are similar to devices used for the
investigation of PNDIT2% and PNDIBTz%, gave low electron mobilities < 10° cm?V's™. This is approximately
five orders of magnitude lower than for PNDIT2 and three orders of magnitude lower than for PNDIBTz. Thus,
the larger number of charge carriers found for the cyanated NDI copolymers does not compensate the severe

limits of electron transport, which explains the herein seen low electrical conductivities.

3. Conclusions

In this work, we studied the influence of HOMO and LUMO energy levels of five different NDI copolymers on
the thermally and photochemically induced doping with a small molecule NDI having a dimethylaminopropyl
(DMAP) side chains. Both the NDI core (NDI and dicyanated NDI, NDICNz2) as well as the donor comonomer
(phenylene P, bithiophene T2, bithiazole BTz) were structurally varied. EPR measurements showed markedly
higher radical anion yields for the cyanated NDI copolymers which are characterized by much lower LUMO
energy levels. Almost two orders of magnitude higher radical anion concentrations were found in thermally
activated PNDICN-T2 and a 40 times higher radical anion concentration in PNDICNzP compared to their non-
cyanated analogs. Photochemically induced doping enabled a higher doping yield for PNDICN:zP than for
PNDICN-T2 as a result of the lower HOMO of the former. All cyanated NDI copolymers also showed excellent

air stability of their radical anions. Next to electronic factors, a further aspect enabling high doping efficacy may
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be an increased miscibility of the cyanated NDI copolymers with DMAP-NDI, which in turn is the result of
reduced crystallinity. Despite their highest radical anion concentrations, electrical conductivities of the cyanated
NDI copolymers were moderate, which can be rationalized by a significant backbone torsion, localization of the
radical anions and the resulting low electron mobility. Nevertheless, air stability of radical anions was confirmed
by stable electrical conductivity under ambient conditions. In summary, this work provides general guidelines for

designing electron acceptor polymers suitable to give air stable radical anions as well as high conductivities.
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